Delftia acidovorans MC1 was continuously cultivated under nutristat conditions with elevated concentrations of the herbicides (RS)-2-(2,4-dichlorophenoxy)propionate [(RS)-2,4-DP] and 2,4-dichlorophenoxyacetate (2,4-D). The presence of 1-5 mM of either of these compounds did not essentially inhibit growth. Moreover, substrate consumption was not essentially affected at pH values of 7.0-9.0 selected by reason of alkaline in situ conditions found e.g. on contaminated building rubble but was decreased at pH 9.3. The adenylate energy charge declined to some degree as the herbicide concentration rose, the extent of this increasing as the pH rose. This was caused by an increase in the concentration of ADP and in particular AMP, in contrast to the fairly constant ATP level of around 4 nmol/mg dry mass with (RS)-2,4-DP and 2 nmol/mg with 2,4-D. Comparison of the individual growth parameters with theoretical data taking into account maintenance coefficients of 0.48 mmol (RS)-2,4-DP/g*h and 0.6 mmol 2,4-D/g*h revealed that the culture followed purely kinetic rules. This excludes the necessity of using substrate to a significant extent to satisfy extra efforts in energy for homeostasic work under these accentuated conditions.
Biotopes become polluted because of an imbalance between the input of a given compound on the one hand and the corresponding potential/activity of autochthonous microorganisms to eliminate it on the other. Due to their ubiquitous distribution, metabolic versatility, and adaptability, microorganisms are thought to represent the main degradative/detoxicative potential of ecosystems. 1) When degradation proceeds productively, i.e. by using the respective pollutants as a source of carbon and energy for growth and multiplication, this decontamination process ought to follow an autocatalytic pattern, eventually resulting in the exhaustion of the carbon source. The inability to exploit this metabolic potential indicates limitations for several reasons, e.g. inadequate physicochemical conditions in the milieu or deficit(s) in essential components for growth. Optimizing the environmental conditions ought to solve the problem in these cases. Yet other reasons could be physiological constraints or species specific intrinsic bottlenecks. Microorganisms inhabiting such biotopes are exposed to compounds which are often toxic. Accordingly, recalcitrance may result from an increased/increasing level of pollutants, leading to the deprivation of the metabolism. Chlorinated phenoxyalkanoates are widely used as herbicides. They have been shown to be degradable by microbes, as was found for a number of bacterial strains with respect to 2,4-D, [2] [3] [4] [5] [6] [7] but also holds for the enantiomers of (RS)-2-(2,4-dichlorophenoxy)propionate [(RS)-2,4-DP] with e.g. strains Sphingomonas herbicidovorans MH, 8, 9) Rhodoferax sp. P230 10) and Delftia acidovorans MC1. 11) Nevertheless, these compounds still accumulate in the environment. This may partly be due to their specific metabolism, which includes some potential recalcitrance. 12, 13) But it may also result from the fact that the efficiency of productive degradation is reduced or even repressed by too high a level of the toxicant. This was shown to be the case with Alcaligenes eutrophus (Ralstonia eutropha) JMP134 during longterm exposure to 2,4-D. 14) When we studied herbicide degradation in polluted building rubble with herbicide concentrations of up to 5 mM and pH values > 11 in the aqueous eluates, i.e. under one of the unfavorable milieu conditions mentioned above, degradative activity could not be stimulated under in situ conditions, meaning that any process of productive degradation did not run with the autochthonous microbes to a significant extent.
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11) It was chosen as a model strain to study herbicide degradation and growth under extreme conditions with respect to toxicant concentration and milieu conditions. For this purpose, strain MC1 was treated under a nutristat regime with elevated levels of herbicides with a focus on growth under alkaline conditions.
Materials and Methods
Strain and Cultivation. Delftia acidovorans MC1 was stored on agar plates with mineral salt solution I (MSSI) with 400 mg/l (RS)-2,4-DP as carbon and energy source. To prepare a liquid culture, ten colonies were picked from the plate and placed in a shaking flask containing 200 ml of PYE medium (containing 3 g each of peptone and yeast extract, and 1.8 g/l fructose, pH 8.5), and incubated overnight on a rotary shaker at 30 C. This culture was used to inoculate a laboratory fermenter (INFORS 100) run at a working volume of 1.2 liter. This culture was initially treated under batch conditions with (RS)-2,4-DP at a concentration of 100 mg/l for a period of 5-8 h to induce the entire (RS)-2,4-DP degradative pathway. The culture was then shifted to continuous conditions by feeding mineral salt solution II (MSSII) and a trace element solution (TES) at a ratio of 100:1 (v/v). Substrate was supplied from a stock solution of 50 mM (RS)-2,4-DP in 100 mM NaOH at a ratio of this solution of 1:3 with respect to the feed rate of MSSII. The culture was treated up to steady state at 30 C and at respective pH values, and was then shifted to nutristat conditions. For this purpose, the fermenter was equipped with a bypass including a hollow fiber module (polysulfone SPS 9005-4, exclusion limit 0.2 m; Fresenius, St. Wendel, Germany). Suspension was circulated through this device at a rate of 60 l/h. The module was aerated. Cross-flow filtrate obtained from the lumen of the fibers was pumped through a Unicord II spectrophotometer (Pharmacia, Upsala, Sweden) at a rate of 0.6 l/h. The signal obtained at a wavelength of ¼ 276 nm was transformed by a personal computer controlled by special software used to control the level of (RS)-2,4-DP at a set point by operating the feeding pump which supplied substrate solution and MSSII at a volumetric ratio of 1:3 (for further details see Müller et al. 14) ) (RS)-2,4-DP was obtained from Sigma (St. Louis, USA); the concentration of the two enantiomers was almost equimolar.
Mineral Analyses. Biomass concentration was measured photometrically based on optical density at 700 nm (OD700) and graphimetrically by dry mass measurement. For the latter, portions of washed and pelleted biomass were dried to constancy at 105 C. (RS)-2,4-DP and 2,4-D were routinely measured by HPLC in an isocratic system with a reversed phase column (Nucleosil 100 C18, Knauer Säulentechnik, Berlin, Germany) with an acetonitrile phosphate buffer as the mobile phase.
16) The enantiomers of 2,4-DP were separated by applying an enantioselective column (Nucleodex -PM; Macherey Nagel, Düren, Germany) in an isocratic system with 70% methanol and 30% NaH 2 PO 4 (50 mM, pH 3.0). 17) Nucleotides were measured by the HPLC technique according to a modified method described elsewhere 18) using cell-free extracts obtained after alkaline extraction with 0.1 M NaOH. The cells to be extracted were derived from a running stream of suspension from the fermenter and were immediately transferred to an ice-cooled sampling device flushed with nitrogen and containing adequate amounts of 1 M NaOH.
Preparation of crude extract and enzyme measurement. Biomass was washed and resuspendend in 0.1 M phosphate buffer (pH 7.5), and disintegrated in a dyno mill G-MM2 (Retsch, Haan, Germany) with glass beads (150-212 m) at maximum speed. Particle-free supernatants were obtained by centrifugation at 17,000 Â g for 20 min at 4
C. -Ketoglutarate-dependent dioxygenase activity was measured in the presence of Fe 2þ and ascorbate 19) applying (R)-2,4-DP, (S)-2,4-DP and 2,4-D as the individual substrates. 20) Reaction was monitored by measuring the initial reaction rate (5 samples within 10 min; almost linear progress curves with R 2 > 0:98) of the liberation of dichlorophenol after the reaction with 4-aminoantipyrine.
21)

Results
Growth characteristics
Nutristat cultivation was done with the herbicides as the variable, viz. (RS)-2,4-DP and 2,4-D, at a concentration range of 1-5 mM. As a second variable, the pH of the medium was taken into account, the main part of investigations focussing on pH 8.5. Individual experiments were started from individual pre-cultures. In the case of 2,4-D, cultures pre-grown on (RS)-2,4-DP were used.
After attaining steady-state conditions (at least 5 volume exchanges), the growth parameters were analyzed. The data obtained from these cultures showed that the yield coefficient was fairly constant under the various conditions, ranging between 0.035 and 0.047 g/mmol with (RS)-2,4-DP at pH values of 7-9. The specific growth rate was quite different under the individual conditions. The patterns of nutristat growth taking into account both these variables are shown on the basis of the specific substrate consumption rate, defined as qs = /Y [mmol/g*h] ( Fig. 1, 2 ). The general experience from these data is that elevated (RS)-2,4-DP concentrations did not severely inhibit the growth of strain MC1 (growth on carbon substratelimited chemostatic conditions is included in these graphs and is indicated by ''zero'' substrate concentration on the abscissa). Though there was a transitory decrease in the specific substrate consumption of (R)-2,4-DP in comparison to carbon substrate-limited chemostat on (RS)-2,4-DP as shown for growth at pH 8.5, further increase of the stationary (RS)-2,4-DP concentration stimulated qs, finally attributed to the growth rate (Fig. 1) . This pattern seems not to be essentially changed by varying the pH value in most of the range tested. In the case of pH 7.0 a decrease in qs became obvious at the highest substrate level, presumably being caused by an increased toxicity of (RS)-2,4-DP at lower pH values. A significant decrease in qs was found during growth at pH 9.3, which was caused by a decreased growth rate (Fig. 1) . It should be mentioned that the stationary 2,4-DP concentration was taken as the sum of both enantiomers in nutristat cultivation. So we consider the impact of the ''chemical'' 2,4-DP on strain MC1 regardless of the configuration. The proportion of the enantiomers was however not constant but was on the side of the S-enantiomer throughout the experiments (Fig. 3) . As different enzymes are responsible for initiating the metabolism of this substrate in the Rand S-configuration, use of the individual enantiomers should proceed with different rates as expressed by the activity of the enzymes RdpA and SdpA (see Fig. 4, 5) . These rates may furthermore be modulated by uptake characteristics which may function enantiospecifically as shown in another example 22) and remains to be investigated in strain MC1. Regardless of the various effects, the growth rate on this racemic compound is the result of the simultaneous utilization of two individual substrates emerging from the same chemical. The stationary concentration is hence a reflection of these individual rates and the feed rate of the racemate. The proportion of the S-enantiomer exceeded about 4-to 9-fold that of the R-enantiomer at stationary herbicide concentrations of up to 3 mM. Taking into account that the reservoir substrate concentration were 8.33 mM for each of the enantiomers this disproportion on the stationary substrate concentration was of low effect on the substrate consumption rates under these conditions. From calculations at a stationary nutristat concentration of 1 mM (3 mM) it followed that the individual rates of the consumption of the S-and R-enantiomer contributes to 48.1% (47.4%) and 51.9% (52.6%), respectively, to the overall rate. At a 40-fold excess of (S)-2,4-DP (cf. Fig. 3 ), however, a more pronounced effect becomes evident: with 5 mM as the stationary herbicide concentration the consumption rate of the S-enantiomer is reduced to only 29.6% which is in accordance with the experimental results in Fig. 1 and 2 . A positive response of the culture to elevated herbicide concentrations concerning the growth rate was also observed with 2,4-D (Fig. 2) . This substrate was used under nutristat conditions at a growth rate approximating 0.055-0.06 h À1 , which exceeds to some extent those observed under chemostat cultivation in which max values of only 0.04-0.045 h À1 (at S o ¼ 9 mM) were found. 20) The difference in the results obtained with the two experimental sets are explained by features inherent to the techniques. With chemostat cultivation it is known that a steady state is the more difficult to stabilize the closer the dilution rate approximates the max -value; the latter presupposes elevated to high stationary substrate concentration with corresponding adjustment of the biomass concentration. Here small disturbances in the hydrodynamic equilibrium are of great impact on growth properties provoking oscillations. In the present case we did not obtain steady state at dilution rates greater than 0.05 h À1 . This problem can be circumvented in nutristat growth in which stationary substrate concentration is maintained at a defined setpoint by regulatory measures, to which the growth rate of a given strain and consequently the dilution rate is adjusted in a self-regulatory manner. As a consequence we found stable growth with rates exceeding chemostat. Details of equipment and kinetic pattern in nutristat technique are given elsewhere.
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The pattern in Fig. 2 shows qs-values of 2,4-D higher than those calculated for the individual enantiomers of 2,4-DP. It should be emphasized that the latter were calculated on the basis of the total biomass concentration (resulting from the consumption of both enantiomers), which is valid in general and resembles the situation of a mixed substrate situation (which enantiomers indeed are). Adding of the two rates results in figures which amount to and exceed those of qs with 2,4-D. This manipulation seems to contradict the fact that two individual enzymes initiate the degradation of the enantiomers, but is justified in so far as the further metabolism proceeds via the same route, stressing the same metabolic networks and regulation.
Enzyme measurement
The activity of the initial catalytic enzymes, i.e. (R)-2,4-DP/-ketoglutarate-dioxygenase (RdpA) and (S)-2,4-DP/-ketoglutarate-dioxygenase (SdpA) (see Westendorf et al. 21, 23) ) were measured to compare their activities to the substrate consumption rates. These rates seemed sufficiently high according to the data in Fig. 1  and 2 to satisfy the demand at given growth rates as determined under in vitro conditions: a specific enzyme activity of 0.1 U/mg protein (1 U = 1 mol/min) corresponds to a qs of about 3 mmol/h*g dry mass (50% protein in dry mass). The rates were almost constant under the various conditions with respect to RdpA, catalyzing the cleavage of the R-enantiomers (Fig. 4) , but showed some optimum pattern in the case of SdpA (Fig. 5) . The latter enzyme is responsible for the cleavage of both the S-enantiomers of phenoxypropionates and of the phenoxyacetate derivatives (Fig. 6) . It should be mentioned that the activity of RdpA with respect to 2,4-D is low due to high K M and low k cat values 21) and was not considered to contribute to 2,4-D consumption to a significant amount. According to the data in Figs. 5 and 6 , some limitation in substrate consumption via SdpA is expected at the flanks of the pH profile, which coincides with the fact that the residual (S)-2,4-DP became increasingly dominant over the R-enantiomer as discussed above (Fig. 3) .
Measurement of the intracellular adenine nucleotide concentration
The gross constancy in the macroscopic growth parameters is not reflected in a similar manner on a molecular level. This is shown with respect to the energy metabolism indicated by the adenylate energy charge (E.C.). This quotient is considered as a suitable sensor to indicate the impact of potentially toxic compounds on growth. 24, 25) In this case the E.C. decreased as the herbicide concentration rose. This was all the more pronounced with higher pH values, dropping from about 0.7 to as low as 0.13 during growth at pH 9.3 (Fig. 7) . More striking, however, are the charts of the individual nucleotides. The ATP concentration was almost constant at around 4 nmol/mg dry mass during growth on (RS)-2,4-DP, whereas it was about half this value at 2,4-D (Fig. 8a) . This relationship was similarly reflected with the ADP concentration. The level of this metabolite, however, increased by increasing the herbicide concentration. Moreover, the level of ADP was the higher the higher the pH-value (Fig. 8b) . This pH-dependent effect was observed in a like but even more pronounced manner with AMP, which reached concentrations several times higher than those found with ATP. Again, growth on 2,4-D revealed distinctly lower AMP concentrations (Fig. 8c) . The relationship between the various adenine nucleotides is most impressively illustrated as the relative concentration pattern, as shown in Fig. 9 . 
Discussion
Microorganisms respond and adapt to environmental factors over a range which is defined by their phenotypic disposition and their genotypic potential. The overall response of D. acidovorans MC1 to elevated levels of a potentially toxic substrate at boundary pH conditions reflects growth stability which apparently tallies with the above thesis. Actually, this strain evidently did not suffer from any constraints or intoxication under these conditions. This statement is evidenced after transformation of the substrate consumption characteristics -which induce a heterogeneous picture at first glance according to the data in Fig. 1, 2 -to a more generalized form by correlating yield coefficients to growth rates. Verification of the individual data suggesting unimpaired growth is provided by theoretical graphs. These were calculated by including the maintenance energy, m e , which is an essential component of the efficiency of productive substrate conversion, i.e. biomass formation (according to 1/Y = 1/Y max + m e / ). This term was derived from the growth parameters on (RS)-2,4-DP during chemostat cultivation and was found to amount to 0.48 mmol/g*h with strain MC1. The results obtained by taking into account m e are shown in Fig. 10 . Evidently, the experimental figures followed the yield pattern calculated according to an apparent efficiency of energy transduction equivalent to P/O = 1. Due to these properties, growth simply seems to follow kinetic parameters with some kind of substrate saturation characteristics at individual pH-values of the milieu. Effects raising stress for homeostatic work due to for instance toxic effects seem to be absent or low at best. This even holds for growth at pH 9.3, which suggested growth inhibition by the toxicant level (Figs. 1, 2 ), but can be explained by this graph by a sole kinetic response, too. These results are detrimental to the behavior of Ralstonia eutropha JMP134, which showed a drastic decrease in growth under nutristat conditions after just 1 day's exposure to 0.5 mM 2,4-D and was explained by a significant reduction in the net energy gain.
14) It is also worth mentioning that the figures obtained in carbon substrate-limited chemostat cultivation of strain MC1 agreed with this pattern, which is in addition considered indicative of non-inhibited growth at nutristat (Fig. 10) . A similar picture was found during growth on 2,4-D (Fig. 11) . As growth was restricted to a narrow range with 2,4-D, m e on this substrate was derived by calculation and was determined to be 0.6 mmol/g*h based on the fact that growth yield on 2,4-D was about 20% lower compared to (RS)-2,4-DP. 26) Fig. 11 also illustrate by way of comparison the values obtained with strain JMP134, 14) which were shown to be qualitatively distinct with respect to carbon substrate-limited and nutristat growth. Cellular responses being raised by external factors is a matter of fact. This holds in this case despite the fact that the macroscopic parameters suggest undisturbed growth. Indications of the milieu conditions being influenced in a certain way became apparent from the energy charge, which is considered a suitable measure to indicate external stresses. Values between 0.65-0.9 are assumed to express conditions of a well-balanced metabolism. 24, 27, 28) In this case, we observed values which approximate such a ratio, but also found a tendency to decline after increasing both the herbicide concentration and the pH (for viability of cells at low E.C. see Barrette et al. 29) ). The extent of this influence remains uncertain. However, the consequences seem slight as the amount of extra energy required to satisfy homeostatic efforts is apparently not enough to essentially influence growth efficiency and rate. Extensive uncoupling caused by, for example, weak organic acids which might dissipate energy 25) are rather unlikely at alkaline pH values as the substrate is almost completely dissociated. Any pronounced impairment did not apparently apply at pH 7 either, a condition at which the extensive inhibition of growth was observed with Alcaligenes eutrophus (Ralstonia eutropha) JMP134 in the presence of 2,4-D. 14) Thus any effects caused by the milieu conditions might easily be compensated for in this case by the regulatory potential of strain MC1. Examination of the individual nucleotides shows that kinetically based effects might contribute to homeostasis rather than drain off the energy pools. The observation that the levels of AMP and ADP increase under extreme conditions might be an indication of this counter-regulation. Thus ATP regeneration might result from an enforced rate of adenylate kinase. This should conform with the hypothesis that the total adenylate pool increases in response to elevated energetic efforts. 28) In contrast, prolonged exposure of A.
eutrophus JMP134 to elevated pollutant levels has shown that the culture responded in an improved dissimilation of substrate which was correlated to a decrease of the virtual P/O-coefficient reducing down to zero at ¼ 0. 14) Moreover, the sum of the concentration of the adenine nucleotides did not follow the pattern as in strain MC1 but was rather constant in strain JMP134 in the various nutristat cultures.
One main result of these investigations was to show that strain MC1 resists and is indeed active at high herbicide concentrations. This makes it a potential catalyst for (productive) substrate degradation and detoxification even under rough milieu conditions, including elevated herbicide levels and pH. The application of defined mixed cultures including grampositive strains of Rhodococcus or Aureobacterium, which were active at pH values beyond 11, 30, 31) has proven successful for in situ degradation of herbicide mixtures on building rubble.
15) The growth profile of Delftia acidovorans extents up to pH 10 5, 20) which does not however exclude metabolic activity beyond this value. This potential of Delftia acidovorans was shown by another strain, P4a, which was derived from the same biotope 5, 32) and had degradative force and stability at pH values of 11.5 when applied as an inoculum on this matrix. 33) Metabolic activity under these conditions should in principle enable the strains to replenish from external sources intracellular metabolite pools, e.g. -ketoglutarate which is an essential component of the initial degradative step of these herbicides 19) thus making the reaction (degradation) run. 12, 13) Nevertheless, the rate found in situ on building rubble should only be faint due to a low titer of microbes. Any improvement of the rate by autocatalytic, i.e. growth-associated processes could at best be surmised in micro-niches in which adequate milieu conditions were created.
Patterns of resistance related to passive and active features have to be elucidated to understand the stability of strains of Delftia acidovorans under these conditions and to compare this effect with the more sensitive species. More work needs to be done at the molecular level in order to obtain an insight into the regulatory network used in exhausting the metabolic capabilities and capacities. ). Unbroken lines indicate the relationship of the two parameters obtained from calculation by taking into account the maintenance coefficient of m e ¼ 0:6 mmol/g*h, and efficiencies of energy transduction corresponding to various P/O ratios.
